INTRODUCTION {#s1}
============

Atrial fibrillation (AF) is a supraventricular tachyarrhythmia with fast uncoordinated atrial excitation and is associated with increased ventricular rates. It is the most frequently encountered sustained heart rhythm abnormality in clinical practice and afflicts more than 5 million individuals. Prevalence is projected to rise with the aging of the population to 12 million cases in the United States by 2050.^[@R1]^ Paroxysmal AF is among the most common types and is frequently associated with disabling symptoms that have a negative impact on quality of life and increase the risk of major cardiovascular events including stroke.

Flecainide is among the most effective agents for acute cardioversion of AF to normal sinus rhythm when delivered orally or intravenously (IV).^[@R2]^ Both routes of delivery have important drawbacks, including requirement of high doses (150--300 mg), 2- to 4-hour wait time for cardioversion with oral dosing, and hospitalization with specialized staff for IV administration. Over the past decade, individuals experiencing paroxysmal AF with recurring episodes of 1/mo to 1/yr have been increasingly managed with the so-called "pill-in-the-pocket" approach for "self-administered cardioversion."^[@R3]--[@R6]^ The use of the pill-in-the-pocket antiarrhythmic drug regimen spans more than a decade and experience has generally been favorable with efficacy for class IC drugs reported in 84%^[@R3]^ and 70%^[@R6]^ of patients. An important drawback of the pill-in-the-pocket approach is the relatively long latency of effect in the range of hours.^[@R7]--[@R9]^

This limitation has prompted evaluation of a new approach, pulmonary delivery, for rapidly increasing plasma antiarrhythmic drug concentrations at the site of action. The basic rationale is that lung administration of antiarrhythmic agents benefits from the large surface area of the lung, ie, 100 m^2^, which avidly absorbs fluid, particularly in the aerosolized state. The net benefit is rapid transfer of drug into the pulmonary venous circulation. Blood containing the antiarrhythmic agent returning from the lungs traverses the luminal side of pulmonary veins and provides direct exposure of these structures to the active agent. However, the main transfer of drug occurs further downstream through the coronary arteries and capillaries, which perfuse the atrial myocardium and pulmonary vein sleeves, structures that are critical in the triggering and maintenance of AF. The anatomical structures involved in cardiopulmonary transfer of antiarrhythmic agents delivered through the lung are shown in Figure [1](#F1){ref-type="fig"}.

![Anatomical structures involved in pulmonary delivery of antiarrhythmic drugs. This mode of administration takes advantage of the large surface area of alveoli, ie, 100 m^2^, which permits avid absorption of fluid, particularly in the aerosolized state. The net benefit is rapid transfer of drug into the pulmonary venous circulation. Blood containing the antiarrhythmic agent returning from the lungs traverses the luminal side of pulmonary veins and results in direct exposure of these structures to the drug. However, the main transfer of drug occurs further downstream through the coronary arteries and capillaries, which perfuse the atrial myocardium and pulmonary vein sleeves, structures that are critical in the triggering and maintenance of AF.](jcvp-75-276-g001){#F1}

The main objectives of this review are 3-fold: (1) to describe the preclinical studies that have been conducted to evaluate the efficacy of pulmonary compared to IV delivery of antiarrhythmic agents to convert AF; (2) to discuss new insights into electropharmacological mechanisms underlying the antiarrhythmic efficacy of pulmonary drug delivery; and (3) to summarize the available clinical data in normal subjects using a hand-held breath-actuated nebulizer.

PRECLINICAL STUDIES {#s2}
===================

Experimental Model {#s2-1}
------------------

The experimental model in all protocols adhered to the Declaration of Helsinki and was approved by institutional animal care and use committee of Beth Israel Deaconess Medical Center (Boston, MA). Studies were performed in adolescent male Yorkshire pigs preanesthetized with intramuscular telazol and anesthetized with alpha-chloralose. The experimental setup for positioning the cardiac catheters is illustrated in Figure [2](#F2){ref-type="fig"},^[@R10]^ which also shows positioning of the intratracheal catheter for pulmonary instillation of the drug. Specifically, the 5Fr angiography catheter was introduced into the trachea through a 7Fr endotracheal tube and extended ∼1 cm past the tube. The tip of the catheter was positioned under fluoroscopy at the level of the tracheal carina.

![Fluoroscopic image showing the complete set of intratracheal and cardiac catheters. On the left side, red arrows and lettering point to the intratracheal (IT) delivery system, which includes a 5 Fr modified angiography catheter positioned inside the endotracheal tube proximal to the bronchial bifurcation. LV, left ventricle; RA, right atrium. The catheter extends ∼1 cm past the end of the endotracheal tube to allow optimum distribution of the drug bolus. On the right side, yellow arrows and lettering show the RA bipolar catheter and the LV unipolar catheter used for recording electrograms and the LV pigtail catheter to record LV ventricular pressure and compute LV dP/dt as an index of contractility. The RA catheter is also used for pacing. An intrapericardial catheter is used for administering acetylcholine. Published with permission from J Cardiovasc Pharmacol from Marum et al,^[@R10]^ 2020.](jcvp-75-276-g002){#F2}

The parameters measured under this protocol included standard electrocardiographic variables (PR and QT intervals, QRS complex duration), heart rate, arterial blood pressure, left ventricular dP/dt as an index of contractility, atrial depolarization duration, and atrial PT interval. The latter has been shown, using monophasic action potential catheters, to be highly correlated with atrial action potential duration.^[@R11]^

Protocol for Induction of AF {#s2-2}
----------------------------

AF was induced using a standard protocol used in a number of studies conducted over the past decade.^[@R12]--[@R15]^ Briefly, the procedure for inducing AF consisted of delivering a 1--3 mL bolus of a 102.5-mM solution of acetylcholine through the pericardial catheter (Fig. [2](#F2){ref-type="fig"})^[@R10]^ followed by saline flush (2 mL). Burst pacing at a cycle length of 180 ms was performed at 1 minute after intrapericardial administration of acetylcholine. After AF initiation, lavage was performed with 20 mL of saline. The time to conversion of AF was the main metric used to assess the efficacy of the drug tested for terminating the arrhythmia.

Pharmacokinetic and Electrocardiographic Effects of Intratracheal and Intravenous Administration of Flecainide in Anesthetized Pigs {#s2-3}
-----------------------------------------------------------------------------------------------------------------------------------

Stocco et al^[@R15]^ conducted the first preclinical study to evaluate the effects of intratracheal instillation compared to IV infusion of the class IC agent flecainide on standard electrocardiographic and hemodynamic parameters and plasma drug levels in anesthetized pigs. Two doses of flecainide were used for intratracheal delivery (0.75 and 1.5 mg/kg rapid bolus) compared to an IV infusion of 2 mg/kg over 2 or 10 minutes. In the clinic, flecainide at a dose of 2 mg/kg (to a maximum 150 mg) is typically administered IV over 10 minutes.

Intratracheal instillation of flecainide generates a pharmacokinetic (PK) profile similar to that of IV administration of flecainide. Specifically, a peak in plasma levels occurs at 2 minutes after delivery of the drug, consistent with rapid absorption of the solution through the lungs, airways, and alveoli. The distribution phase occurs between 2 and 5 minutes and is followed by the elimination phase throughout the remaining time. This PK profile is comparable to IV infusion of flecainide over 2 minutes, underscoring the efficiency of lung delivery using intratracheal instillation. Intratracheal instillation of flecainide also generates a concentration--response relationship between QRS complex and peak plasma drug levels that is similar to that of rapid IV infusion. Although none of the flecainide doses or delivery routes caused significant changes in the JTc or QTc intervals or in heart rate or mean arterial pressure, there were significant increases in the QRS complex duration after intratracheal instillation, ranging from 10% to 19% at 2 minutes and from 12% to 21% at 5 minutes with the 0.75 and 1.5 mg/kg doses, respectively.^[@R15]^ These findings are consistent with a clinical report by Hellestrand et al ^[@R16]^ of a greater effect of flecainide on His-Purkinje fibers and ventricular conduction than on atrioventricular nodal conduction.

These findings demonstrated that pulmonary delivery of flecainide produces the signature effects of this IC agent in prolonging QRS complex duration and PR interval. It is notable that the effects observed with the intratracheal doses of flecainide used are comparable to those observed after its IV administration, which is used clinically for acute cardioversion of AF to normal sinus rhythm.

Preclinical Evidence of Rapid Conversion of AF by Pulmonary Delivery of Flecainide and Potential Underlying Mechanisms {#s2-4}
----------------------------------------------------------------------------------------------------------------------

The next logical step in considering lung delivery as the route for antiarrhythmic drug therapy was to test the efficacy of intratracheal instillation of flecainide to convert AF. This goal was accomplished using the model of intrapericardial acetylcholine followed by burst pacing described above. Two intratracheal doses of flecainide were tested: 0.4 and 0.75 mg/kg.^[@R17]^ Both doses resulted in a relatively rapid (∼3.5 to ∼6.5 minutes) conversion of AF to normal sinus rhythm (*P* \< 0.05 for both doses). The magnitude of the effect seemed to be dose-dependent, with shortening of AF duration by 35% and 54% for the 0.4- and 0.75-mg/kg doses, respectively, compared to no-drug spontaneous conversion. Relevant to the mechanisms whereby flecainide terminates AF, concurrent with the reduction in AF duration, intratracheal flecainide administration decreased the dominant frequency of the arrhythmia, an indicator of the level of organization of AF and propensity for spontaneous defibrillation.^[@R18]^ The transition from AF to normal sinus rhythm is illustrated in Figure [3](#F3){ref-type="fig"}.^[@R17]^ As shown in this figure, AF conversion to normal sinus rhythm is associated with a relatively rapid restoration of heart rate and mean arterial blood pressure.

![Atrial and ventricular electrograms from a representative experiment showing an episode of AF without drug (top), which converted to normal sinus rhythm at 4 minutes after intratracheal instillation of 0.4-mg/kg flecainide. Published with permission from Heart Rhythm Society from Verrier et al, 2018.^[@R17]^](jcvp-75-276-g003){#F3}

The exact mechanisms whereby intratracheal flecainide leads to conversion of AF to normal sinus rhythm remain to be established. Flecainide has well-known effects on both triggered activity and reentrant rhythms.^[@R8],[@R19]^ A fundamental insight into the electrophysiological mechanisms derives from the finding that the anti-AF effect is inversely correlated with the drug\'s prolongation of atrial depolarization duration (Fig. [4](#F4){ref-type="fig"}),^[@R17]^ which results from its slowing of intra-atrial conduction. Evidence implicates inhibition of the sodium current (I~Na~) in suppression of early and delayed afterdepolarizations in atrial and pulmonary vein sites.^[@R20],[@R21]^ The probable underlying mechanisms for flecainide\'s anti-AF action reside in decreasing the slope of action potential duration restitution and dispersion of repolarization. Both actions promote suppression of wavebreak.^[@R22]^

![Strong inverse relationship between delta atrial depolarization (P~a~) duration (blue filled triangles) and AF duration (red filled circles) in response to 3 doses of intratracheal flecainide. For the 0.4-, 0.75-, and 1.5-mg/kg doses, the number of pigs studied was 5, 6, and 5, respectively. Published with permission from Heart Rhythm Society from Verrier et al, 2018.^[@R17]^](jcvp-75-276-g004){#F4}

Based on the plasma drug concentrations attained during conversion of AF to normal sinus rhythm, flecainide likely reduces not only peak I~Na~ but also late I~Na~. Inhibition of the latter current may also contribute to the anti-AF action of flecainide because IV delivery of the prototypical agent ranolazine^[@R12],[@R13]^ and the selective late I~Na~ inhibitor eleclazine^[@R14]^ is effective in converting AF to normal sinus rhythm in the same model used in the studies of intratracheal flecainide.

Optimizing Plasma Flecainide Concentration Profile for AF Cardioversion While Minimizing Adverse Mechanical and Electrophysiologic Effects on the Ventricle {#s2-5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

A basic principle advanced by Deneer et al^[@R23]^ is that the probability of acute cardioversion of AF after an oral loading dose of flecainide is closely dependent on the absorption rate constant K~a~. Marum et al^[@R24]^ tested the hypothesis that rapid delivery of low doses of flecainide would be effective not only in converting AF to normal sinus rhythm but would also minimize the adverse effects of reduced left ventricular inotropy and QRS complex prolongation. Rapid flecainide delivery was shown to prolong depolarization preferentially in atria compared to ventricles^[@R25]^ with attendant slowing of atrial conduction velocity, which has been found to be highly correlated (r^2^ = 0.87, *P* = 0.03) with the extent of reduction in AF duration.^[@R17]^

The precise factors responsible for the atrial predominant use‐dependence of flecainide delivered through intratracheal instillation are not completely understood. However, clues on other peak I~Na~ inhibitors are available from the literature.^[@R26]--[@R28]^ The main possibilities include the observations that atrial myocytes have a less negative resting membrane potential with a greater voltage dependence of steady‐state inactivation and a higher sodium channel density than ventricular myocytes. The use‐dependent relationships have been attributed to the fact that flecainide is an open‐state sodium channel blocker.

This rate-dependent preferential action is advantageous inasmuch as it contributes to increased effectiveness during rapid rhythms, particularly AF, and possibly decreases adverse effects of prolonged QRS complex duration, which has been linked to proarrhythmia and the negative inotropic effect of class I antiarrhythmic drugs. Furthermore, dyssynchrony of electrical activity can contribute to mechanical dyssynchrony and in turn to reduced contractility consistent with the principle of excitation-contraction coupling.

Intratracheal and IV delivery of flecainide elicits comparable reductions in AF duration with nearly similar peak plasma drug levels (Fig. [5](#F5){ref-type="fig"}).^[@R24]^ The area under the curve (AUC) of plasma drug levels is greater for higher-dose, slow IV flecainide infusion than for either intratracheal instillation or lower-dose, rapid IV infusion. The timecourse of the AUCs for intratracheal and IV delivery is shown in Figure [6](#F6){ref-type="fig"}.^[@R24]^ Collectively, these observations lead to the conclusion that lower-dose flecainide, rapidly delivered either intratracheally or IV, optimizes the plasma drug concentration profile for effective AF conversion while minimizing adverse effects on QRS complex duration and left ventricular contractility. As shown by Marum et al^[@R24]^ in their Figure [3](#F3){ref-type="fig"}, rapid delivery of flecainide through intratracheal instillation or IV administration markedly reduced the total time and the extent of depression of left ventricular contractility measured as the AUC (1006%, 323%, and 263%, for 2.0 mg/kg IV over 10 minutes, 1.0 mg/kg IV over 2 minutes, and 1.5 mg/kg intratracheal bolus). Thus, we introduced the term "negative inotropic burden" to refer to the net impact of an anti-AF agent on cardiac contractility.

![Duration of AF in the absence of drug and after 1.5-mg/kg bolus intratracheal instillation, 1.0-mg/kg IV infusion over 2 minutes, and 2.0-mg/kg IV infusion over 10 minutes of flecainide (n = 11). The reductions in AF duration were 73%, 71%, and 58%, respectively, compared to placebo. The lower dose, delivered using a rapid IV infusion, reduced AF duration to a greater extent than the higher dose, delivered at a slow IV infusion (*P* = 0.005). Values are represented as mean ± SEM. Published with permission from Elsevier from Marum et al 2018.^[@R24]^](jcvp-75-276-g005){#F5}

![A, AUC for plasma flecainide levels after intratracheal (IT) instillation of 1.5-mg/kg bolus (N = 6) (green area) versus 2.0 mg/kg IV infusion over 10 minutes (blue area) (upper panel) as well as 1.0 mg/kg IV over 2 minutes (red area) versus 2.0 mg/kg IV infusion over 10 minutes (lower panel) (N = 6). The AUC is highest after the higher-dose, slow infusion. Each data point was calculated as mean ± SEM. B, Timecourse of changes in atrial depolarization (ΔP~a~) duration after administration of flecainide through intratracheal (IT) instillation of 1.5-mg/kg bolus (N = 6) (green filled circles), 1.0 mg/kg IV over 2 minutes (red filled squares), and 2.0 mg/kg IV infusion over 10 minutes (blue filled triangles) (N = 6) compared to no-drug baseline. Note the similar magnitudes of peak atrial depolarization prolongation after either intratracheal instillation or IV infusion of flecainide. Each data point represents mean ± SEM of the measurement. Significant differences from baseline using post hoc Dunnett\'s test are represented by the asterisk (*P* \< 0.05). Published with permission from Elsevier from Marum et al 2018.^[@R24]^](jcvp-75-276-g006){#F6}

Tessarolo Silva et al^[@R29]^ explored an additional approach to optimizing the effectiveness of pulmonary delivery of flecainide. The excipient hydroxypropyl-ß-cyclodextrin (HPßCD) was used to improve solubility of flecainide acetate to reduce the net delivered drug volume and to decrease the bitter taste of flecainide acetate. ß-cyclodextrin is a cyclic oligosaccharide that has been shown to have a wide range of applications because of its hydrophilic outer surface and lipophilic central cavity. The resulting benefit is to enhance solubility of drugs.^[@R30]^ Cyclodextrins have been shown to provide a means to form "host-guest" complexes with small molecules such as flecainide acetate. This novel formulation allowed drug concentrations in the inhalation solution to be increased from 35 to 45 mg/mL of flecainide acetate to 75 mg/mL of flecainide acetate in the flecainide HPßCD solution.

The flecainide cyclodextrin formulation was tested in the porcine model after induction of AF with intrapericardial acetylcholine and burst pacing. Plasma-concentration time-area analyses of flecainide HPßCD with intratracheal doses of 0.5 or 1.0 mg/kg were compared to the acetate formulation.^[@R29]^ Intratracheal instillation of flecainide HPßCD accelerated conversion of AF to normal sinus rhythm in a dose-proportional manner, shortening AF duration by 47% (*P* = 0.014) and 79% (*P* = 0.002) at the lower and higher doses, respectively, compared to intratracheal sterile water placebo. AF dominant frequency was also reduced as a function of dose. After intratracheal instillation of flecainide HPßCD, atrial depolarization duration was increased and PR interval was prolonged, indicating slowing of atrioventricular node conduction. There was a corresponding dose-dependent decrease in ventricular rate during AF.

Flecainide HPßCD solution seems to result in more efficient conversion of AF than the flecainide acetate solution, as indicated by a markedly reduced AUC. At the time of conversion, the AUC after intratracheal instillation of flecainide HPβCD (1.0 mg/kg) was 1759 ± 382 ng/mL/min or less than half of the AUC at the time of conversion after intratracheal instillation of flecainide acetate (0.5 mg/kg) at 4197 ± 756 ng/mL/min (\**P* = 0.03).^[@R29]^ Thus, although the dose of flecainide in the acetate formulation was 25% lower than the dose of flecainide in the HPβCD formulation, the time required to terminate AF (225%) and the AUC (239%) for flecainide acetate were more than double that of flecainide HPßCD.

On aggregate, these findings indicate that intratracheal instillation of the new flecainide HPßCD formulation can effectively terminate AF through efficient multimodal actions including slowing atrial conduction velocity and decreasing AF dominant frequency, allowing a greater net drug delivery and shorter inhalation time. Further implications of these findings are that the novel HPßCD formulation has the potential to deliver a higher dose of drug in a given time or even a shorter inhalation time, and thereby to facilitate administration of inhaled doses of flecainide.

Pulmonary Delivery of Metoprolol for AF Cardioversion {#s2-6}
-----------------------------------------------------

Beta-blockade is used primarily for heart rate control by slowing atrioventricular nodal conduction, which is often increased by enhanced adrenergic activity. Of note, increased adrenergic drive has been recurrently implicated in triggering and maintaining postoperative AF.^[@R31]--[@R34]^ The highest rate of postoperative AF occurs after pneumonectomy and lung transplantation, which can involve extensive dissection around the pulmonary veins,^[@R31],[@R35]^ critical structures involved in the initiation of AF.^[@R36]^ Pulmonary vein sleeves are extensively innervated by sympathetic fibers^[@R37]^ and are exquisitely sensitive to adrenergic stimulation, thereby predisposing to AF.^[@R38],[@R39]^ Beta-blockade, by suppressing these triggers, could potentially facilitate termination of AF. In our porcine model of AF, which induces markedly elevated ventricular rate and corresponding hypotension, it is reasonable to assume that sympathetic tone is elevated and thereby establishes the preconditions for enhanced efficacy of antiadrenergic agents.

In our studies, intratracheal instillation of metoprolol resulted in a 32-beat/min reduction in ventricular rate during AF (from 272 ± 13.7 to 240 ± 12.6 beats/min, *P* = 0.008) and a 2.3-minute decrease in AF duration (from 10.3 ± 2.0 to 8.0 ± 1.4 minutes, *P* = 0.018) compared to sterile water control.^[@R10]^ Conversion of AF to sinus rhythm was associated with rapid renormalization of heart rate and arterial blood pressure. Intratracheal metoprolol also significantly reduced AF dominant frequency.

Because of the well-known negative inotropic effects of beta-blockers, we monitored left ventricular contractile function to ascertain whether the dose and route of administration used might exhibit cardiodepressant actions. The study showed that the effect of the drug on left ventricular dP/dt was relatively minor, and accordingly, the beneficial effects of metoprolol to decrease ventricular rate during AF and to facilitate AF conversion were not associated with negative inotropy.

In summary, in this preclinical model, intratracheal delivery of metoprolol effectively reduced ventricular rate during AF and accelerated conversion to normal sinus rhythm. These salutary actions occurred without adverse effects on the contractile function of the heart.

CLINICAL EXPERIENCE WITH INHALED FLECAINIDE {#s3}
===========================================

The oral and IV routes for delivery of flecainide for acute cardioversion of AF to normal sinus rhythm have significant drawbacks, namely, relatively high doses and long latency of conversion, in the range of 2 to 4 hours with oral dosing and hospitalization for IV administration. These limitations have prompted the search for new methods for drug delivery, particularly oral inhalation of antiarrhythmic agents. Hence, the initial clinical studies investigated whether oral inhalation of flecainide could deliver sufficient drug to the systemic circulation to elicit its signature electrophysiologic effect, specifically, QRS complex prolongation.^[@R40],[@R41]^

In these clinical studies, oral inhalation was performed using the AeroEclipse II breath-actuated nebulizer (BAN), which consists of a hand-held nebulizer that is driven by compressed medical air to convert liquid medication into an inhalable aerosol (Trudell Medical International, London, ON, Canada). The AeroEclipse-BAN set at the breath-actuate mode delivers a high respirable dose and an optimal particle size to reach the deeper lung regions, enabling faster drug absorption. Inhalable aerosolized medication or placebo is generated only when the subject inhales through the mouthpiece of the device.

This double-blind randomized, placebo-controlled study consisted of sequential single ascending estimated total lung doses (eTLDs) of flecainide solution or matched placebo administered to 34 normal healthy subjects.^[@R40],[@R41]^ They were assigned to receive eTLDs of 20, 40, and 60 mg. The monitored variables included pulmonary and cardiac function using lung spirometry, continuous electrocardiogram, arterial blood pressure, and heart rate. The main findings were that inhaled flecainide caused dose-concentration-dependent increases in plasma drug levels and QRS complex prolongation. Specifically, the maximum increases in QRS complex duration were 3.5 ± 1.0, 10.1 ± 1.5, and 15.9 ± 1.4 ms. Prolongation of the QT interval was primarily due to widening of the QRS complex and hence there was minimum or no change in QT interval. These findings are similar to those reported for IV or oral flecainide.^[@R42]^ The half-lives for the distribution (3--4 minutes) and elimination (9--12 hours) phases of flecainide were dose-independent, similar to that reported for IV flecainide. Heart rate and blood pressure did not change. Subjects who received placebo exhibited minimum or no changes in QRS complex, QT interval duration, heart rate, and blood pressure. No serious adverse events were reported; the most common mild adverse events were oropharyngeal discomfort (40%), lightheadedness (12%), and cough (12%). These observations indicate that flecainide delivered through oral inhalation yields plasma drug levels that are sufficient to prolong the QRS complex in a dose-dependent manner, consistent with the established pharmacological and therapeutic effects of the drug when administered IV or orally.^[@R40],[@R41]^

A second clinical study involved comparison of cardiovascular effects of inhaled versus IV flecainide.^[@R40],[@R41]^ The design was open-label 2-period crossover study examining the effects on QRS complex and PR interval duration. Six healthy volunteers were randomized to receive flecainide either by IV infusion of 2 mg/kg over 10 minutes or oral inhalation over 4.2 ± 1.0 minutes for an eTLD of 30 mg. Subjects were monitored for pulmonary and cardiac function, and heart rate, blood pressure, and plasma flecainide levels were measured. The pharmacokinetic parameters for IV and inhaled flecainide had similar concentration-time profiles. The maximum increases in QRS complex duration were 36.2 ± 1.3 ms for IV compared to 14.5 ± 2.9 ms for inhaled flecainide. There were no serious adverse events. These observations indicate that low-dose inhaled flecainide is safe, well tolerated, and delivers flecainide into the systemic circulation within one minute with a PK profile similar to that of IV flecainide.^[@R15],[@R42]^

Although these clinical studies did not examine the drug\'s effect of converting AF, the information derived from preclinical studies yielded promising inferences. In particular, although the primary measurement made was QRS complex duration, the experimental studies revealed that pulmonary delivery of flecainide has an even greater effect on atrial depolarization duration than on QRS complex duration. Specifically, in the intact porcine model, pulmonary delivery of flecainide has been shown to cause a rate-dependent predominant effect on atrial compared to ventricular depolarization duration.^[@R25]^ Thus, prolongation of QRS complex duration may have been associated with an even greater concomitant prolongation of atrial depolarization duration. This finding carries important implications because it has been shown that prolongation of atrial depolarization duration and the corresponding slowing of intra-atrial conduction are directly related to the efficacy of pulmonary delivery of flecainide in converting AF to normal sinus rhythm.^[@R17]^

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS {#s4}
=========================================

Current preclinical data provide encouraging results regarding the effect of inhaled antiarrhythmic agents to convert AF rapidly to normal sinus rhythm. Multiple features inherent in this route of delivery are propitious and are summarized in Table [1](#T1){ref-type="table"}. In particular, inhaled flecainide results in a rapid rise in plasma drug levels and presumably in atrial tissue drug levels. This action in turn confers the potential to flecainide or other antiarrhythmic drugs to alter atrial electrical properties, specifically, to reduce conduction velocity, suppress reentry, and facilitate termination of AF. The rapid rise and decline in plasma drug levels seems to reduce the adverse effects on ventricular electrical properties, specifically, QRS complex duration, and to minimize depression of left ventricular contractility, that is, the "negative inotropic burden," as a result of reduced exposure time of the ventricular myocardium to the drug. Administering flecainide in solution containing the cyclodextrin incipient seems to allow an increase in the speed of drug delivery to atrial tissue with the potential to reduce inhalation time. Pulmonary delivery of metoprolol also seems to confer anti-AF effects in addition to the expected negative dromotropic effect, likely through antagonism of profibrillatory effects of adrenergic activity, which is prominent in the genesis of postoperative AF.

###### 

Summary of Key Findings

![](jcvp-75-276-g007)

The next frontier is translation of these preclinical observations to the challenges of managing intermittent episodes of AF. The delivery of flecainide through oral inhalation yields plasma drug levels that are sufficient to prolong the QRS complex in a dose-concentration-dependent manner, consistent with the established pharmacological and therapeutic effects of the drug. The groundwork has thus been laid for studies in patients to determine the feasibility and potential efficacy of flecainide delivered through oral inhalation to convert acute AF episodes to normal sinus rhythm. Critical to this approach will be the tolerability and effectiveness of flecainide delivery through oral inhalation to patients while in AF. The goals of the phase II clinical trial "Inhalation of Flecainide to Convert Recent Onset SympTomatic AF to siNus rhyThm" (INSTANT) (NCT03539302) are the following: (1) to assess the feasibility of administration of various doses of flecainide (from 30 to 120 mg) delivered through oral inhalation; (2) to confirm safety and tolerability; and (3) to provide evidence of the potential efficacy to restore normal sinus rhythm in patients with recent onset (≤48 hours) of paroxysmal AF.
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